Background: Millions of people worldwide are exposed to arsenic in drinking water, and many are likely coexposed to other agents that could substantially increase their risks of arsenic-related cancer. Methods: We performed a case-control study of multiple chemical exposures in 538 lung and bladder cancer cases and 640 controls in northern chile, an area with formerly high drinking water arsenic concentrations. Detailed information was collected on lifetime arsenic exposure, smoking, secondhand smoke, and other known or suspected carcinogens, including asbestos, silica, and wood dust. Results: Very high lung and bladder cancer odds ratios (Ors), and evidence of greater than additive effects, were seen in people exposed to arsenic concentrations >335 µg/l and who were tobacco smokers (Or = 16, 95% confidence interval = 6.5-40 for lung cancer; and Or = 23 [8.2-66] for bladder cancer; rothman Synergy indices = 4.0 [1.7-9.4] and 2.0 [0.92-4.5], respectively). evidence of greater than additive effects were also seen in people coexposed to arsenic and secondhand tobacco smoke and several other known or suspected carcinogens, including asbestos, silica, and wood dust. Conclusions: these findings suggest that people coexposed to arsenic and other known or suspected carcinogens have very high risks of lung or bladder cancer. (Epidemiology 2013;24: 898-905) A rsenic in drinking water is a well-established cause of lung and bladder cancer, and tens of millions of people worldwide are exposed. 1 exposure to other agents such as tobacco smoke or occupational carcinogens, like asbestos or silica, could create large subgroups of people in arsenic-exposed areas whose cancer risks are especially high. numerous public health agencies have called for research and policies that take into account the cumulative effects of multiple agents. 2 to date, however, relatively few regulations and policies have done this, primarily because of lack of data. We used data from a large case-control study in northern chile to investigate the possible cumulative risks of arsenic, tobacco smoke, and other known or suspected carcinogens.
METHODS

Study Area
the study area consisted of regions i and ii in northern chile, two contiguous regions with a population of 922,579 people. 3 in the late 1950s, river water from the nearby andes mountains containing high concentrations of naturally occurring arsenic was diverted to the largest city in the area (antofagasta) for drinking, leading to a 13-year period (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) with an average concentration of 860 µg/l in the city's water supply. installation of a treatment plant reduced this to <10 µg/l today. 4 Other cities in the area offer a wide range of exposure (table 1) . the major occupation in this area was mining of copper and other minerals, and this produced a variety of exposures, including silica, dusts, welding fumes, asbestos, and solvents.
Participant Selection and Interviews
cases included people who 1) had primary lung or bladder cancer first diagnosed between October 2007 and December 2010; 2) lived in the study area at the time of diagnosis; 3) were over age 25 years when diagnosed; and 4) were able to provide interview data or had a close relative who could. lung and bladder cancer were selected because lung cancer is the main cause of arsenic-related death, 5 and bladder cancer is associated with higher relative risks than any other arsenic-related cancer. 6 cases were ascertained from all pathologists, hospitals, and radiologists in the area. Few people leave the study area for medical care because the nearest large medical facilities outside the area are in Santiago, 675 miles away. the large majority of cases were histologically confirmed (98% for bladder cancer and 72% for lung cancer), with the remaining diagnoses based on a combination of radiologic (computed tomography) and physician's clinical findings. cases or their next of kin were usually interviewed within 3-4 months of diagnosis. controls without lung or bladder cancer who otherwise met the above criteria were randomly selected from the chilean electoral registry, frequency matched to bladder or lung cancer cases separately by sex and 5-year age group. 6 When a case was identified, a control was selected from a list of potential controls comprising a random subsample of the electoral registry for the whole study area. the electoral registry contained >95% of people over age 50 years when compared with the chile national census. all participants were interviewed in person using a standard study questionnaire. For deceased subjects, the nearest relative was interviewed. Participants were asked to identify all residences they occupied for 6 months or longer. Questions regarding tobacco exposure covered age when smoking began, periods of quitting, total years smoked, typical number of packs smoked per week, and exposure to secondhand smoke as a child and adult, including the number of people in the house who smoked and the number of hours per week and years exposed. Subjects were also asked about their typical water intake at the time of interview and 20 years before, but these data had little impact on classifying exposure because the range in water arsenic concentrations (over 80-fold) was much greater than the range in water intake. Subjects were also asked whether they had been exposed to other known or suspected carcinogens (Supplementary table 1 , http://links.lww.com/eDe/a701), either at home or work, the jobs or hobbies in which these exposures occurred, and the number of hours per week and years exposed. these chemicals were selected and classified a priori based on lists of known or suspected bladder, lung, or kidney carcinogens (kidney cancer was assessed separately) from the international agency for research on cancer, 7 or recent data suggesting links to cancer. [8] [9] [10] [11] Exposure Assessment lifetime arsenic exposure was estimated by linking each subject's residences within the study area to the water arsenic concentration of the water supply of the city or town of each residence, so that an arsenic concentration could be assigned to each year of a subject's life. arsenic measurements were available from government agencies, research studies, and other sources, covering >97% of all drinking water sources in the area. [12] [13] [14] [15] [16] [17] Until recently, few people in this region drank bottled water or used water filters. arsenic concentrations were also available for all large cities in chile outside the study area, and these were also linked to residences, although almost all water in chile outside the study area has arsenic concentrations <10 µg/l. 4 almost all subjects spent most of their lives either in regions i and ii or in one of the other larger cities in chile, so we were able to assign an arsenic drinking water concentration to >95% of all residences. Several indices of arsenic exposure were developed using the yearly concentrations, including the highest arsenic concentration to which the subject was exposed for any one year; the highest concentration for any contiguous 5, 20, or 40 year period; cumulative exposure in µg/l-years (calculated by summing the yearly concentrations); and average exposure (calculated by taking the average of the yearly exposures). Because the latency period of arsenic-related cancer is several decades, 18 and because antofagasta had the largest population and highest exposures in the area, some analyses were limited to arsenic exposures before 1971, the year when high exposures in antofagasta ended. (limiting exposures to only those occurring 5, 20, and 40 years before cancer diagnosis or study recruitment produced similar results.) For each arsenic exposure index, subjects were divided into four groups based on quartiles for all subjects. this resulted in arsenic categories similar to the highest arsenic water concentrations in the four major population centers of our study area: arica, iquique, calama, and antofagasta. in the assessment of direct (firsthand) smoking, separate analyses compared never-smokers to ever-smokers and neversmokers to heavier smokers (smoking an average of >10 cigarettes per day for ≥6 months, the median among smokers). analyses of secondhand smoke were limited to never-smokers. Secondhand smoke exposure was classified as yes or no based on whether the subject reported any exposure for at least 6 months, and separate analyses were conducted for childhood and adult exposure. Because there were relatively small numbers of never-smokers, arsenic exposure was divided into only two categories in these analyses. exposure to other known or suspected carcinogens was initially classified as yes or no based on any reported exposure. Subjects with proxy interviews were excluded from these analyses. Women were also excluded because very few reported these exposures. We assessed only those agents to which ten or more cases and controls combined reported exposure. Few subjects were exposed to known occupational bladder carcinogens so only lung cancer results are presented.
Statistical Analysis
interactions between arsenic, tobacco smoke, and the other exposures were evaluated using the rothman Synergy index. 19 in brief, relative risks were estimated separately for people who were exposed only to arsenic (rr a ), people exposed only to the second agent (rr S ), and people exposed Highest single year exposure throughout the subject's entire lifetime from birth to diagnosis (cases) or ascertainment (controls). categories are based on concentrations in the four largest cities in the study area: arica, iquique, calama, and antofagasta. d an Or was not calculated because there were no bladder cancer cases in this age group.
to both (rr aS ), using people exposed to neither as the reference. a synergy index (S) was then calculated as: S = (rr aS -1) / ([rr a + rr S ] -2). Using this method, S = 1 in the absence of synergy, and S>1 when biological interactions are greater than additive. confidence intervals (cis) for S were estimated using the methods of Hosmer and lemeshow, 20 and findings are presented as suggested by Knol and VanderWeele. 21 lung and bladder cancer odds ratios (Ors) were calculated using unconditional logistic regression. Potential confounding variables entered into regression models included sex, age (10-year age groups), smoking, and tertiles of socioeconomic status (SeS) scores. SeS scores were based on 12 items including ownership of household appliances, car, computer, and domestic help. analyses were done in SaS version 9.2 (SaS institute inc., cary, nc).
RESULTS
the names of 370 persons with lung cancer and 289 persons with bladder cancer were obtained from local pathologists, radiologists, or hospitals. Of these, 46 persons with lung cancer and 23 with bladder cancer were ineligible based on age and residential criteria. Of the remaining, 18 persons with lung cancer (6%) and 34 with bladder cancer (13%) (or their next of kin) could not be located, had moved outside the study area, provided insufficient residential information, or declined participation. among 872 controls selected from the electoral registry with viable addresses, 232 (27%) no longer lived at the address and could not be located, were ineligible because of illness, gave insufficient information, or declined participation. Sex, age, and SeS were similar among cases and controls (table 2). Bladder and lung cancer cases were more likely than controls to be of european descent, smokers, and exposed to higher arsenic concentrations. tables 3 and 4 show the lung and bladder cancer Ors for arsenic exposure stratified by smoking status. the bladder cancer Or in heavier smokers in the highest arsenic exposure category (Or = 23, 95% ci = 8.2-66) was substantially higher than that in heavier smokers with low arsenic exposure (Or = 4.1, 95% ci = 1. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] or in never-smokers with high arsenic exposure (Or = 8.9, 95% ci = 3.0-26). the synergy index for arsenic and smoking was 2.0 (95% ci = 0.92-4.5). the pattern was similar for lung cancer, although with a higher synergy index (S = 4.0, 95% ci = 1.7-9.4). Dose-response patterns for arsenic in smokers and never-smokers are shown in Supplementary table 2 (http://links.lww.com/eDe/a701). Similar patterns were seen in analyses of those smoking >20 cigarettes per day, arsenic exposure tertiles, cumulative arsenic exposure (Supplementary tables 3-7, http://links.lww.com/eDe/a701), or duration or pack-years of smoking (not shown).
tables 5 and 6 shows the Ors in never-smokers for arsenic exposure stratified by childhood secondhand smoke exposure. the highest Ors were seen for persons exposed to both arsenic and secondhand smoke. Synergy indices were >1.0 for both bladder (S = 2.6, 95% ci = 0.77-8.5) and lung cancer (S = 2.1, 95% ci = 0. . no evidence of interaction was seen between arsenic and adult secondhand smoke exposure (not shown). among those reporting any secondhand smoke exposure, the median number of hours exposed per day was 4. table 7 shows lung cancer Ors in analyses of arsenic and other occupational or environmental exposures. For each of the agents assessed, Ors are presented for three separate groups, using subjects who had low arsenic exposure and who were not exposed to the other agent of interest as the reference group. these three groups (and their corresponding Ors from left to right in table 7) are 1) subjects who had reported exposure to the other agent but had low arsenic exposure; 2) subjects who did not report exposure to the other agent but had high arsenic exposure; and 3) subjects who had reported exposure to the other agent and had high arsenic exposure. low and high arsenic exposure in these analyses were defined as the lowest (<11 µg/l) or highest (>335 µg/l) quartiles of average arsenic concentration in water before 1971. Very high Ors (eg, >10) were seen for subjects coexposed to arsenic and several of the other carcinogens assessed. Synergy indices substantially above 1.0 were seen for many of the agents known or suspected to cause lung cancer, including asbestos (S = 2.7), silica (S = 2.0), wood dust (S = 3.1), welding fumes (S = 2.4), soot (S = 2.5), and fiberglass (S = 2.5). the category "any carcinogen" included any of the known or suspected lung carcinogens listed in table 7 plus beryllium, bis(chloromethyl) ether, chromium, and cadmium. Synergy indices for arsenic and agents not known or suspected to cause lung cancer (such as benzene and solvents) were mostly near 1.0. categorizing arsenic based on other indices such as cumulative or highest exposure had little effect on results. results were also essentially unchanged when we limited analyses to histologically confirmed cases, when we incorporated number of smokers in the home or total years of exposure to the secondhand smoke exposure variable, or when we based exposure to carcinogens on number of hours per week and total years. additional adjustments for body mass index, race, or mining work had little impact on results.
DISCUSSION
Overall, these findings suggest that people exposed to a combination of arsenic in drinking water and some other known or suspected carcinogen, including tobacco smoke, asbestos, silica, and wood dust, have lung and bladder cancer risks that are >10 times higher than those who are unexposed. Synergy indices were substantially greater than 1.0 for several of the coexposures assessed here, suggesting that the combined effects of these multiple carcinogens are greater than additive. this study has several advantages for studying the health effects of arsenic. First, the study took place in an area with a history of high concentrations of arsenic in drinking water and good data on past exposure. Obtaining accurate data on historical exposures is important because the latency for many carcinogens is several decades or more. northern chile is the driest habitable place of earth, and over 97% of all water is obtained from a small number of public water systems that supply each city or town. Historical records of arsenic concentrations are available for all of these systems, with many dating back 40 years or more and showing very stable concentrations over time. Because of this small number of water sources and good historical records, lifetime arsenic exposure can be accurately estimated simply by knowing the cities or towns in which a person has lived. the second major advantage is that the arsenic exposures were very high (eg, >800 µg/l) and have been linked to high relative risks of lung and bladder cancer. 5, 22 Higher relative risks have greater statistical power and are less likely to be because of confounding or bias than relative risks near 1.0. 23 the third advantage of this study is that detailed information was collected on other known or suspected carcinogens including smoking, child and adult secondhand smoke, asbestos, silica, and wood dust. this information allowed us to investigate the combined effects of multiple carcinogenic exposures.
Multiple exposures were assessed in this study, and it is possible that some of these findings could be because of chance or correlations between exposures. evidence against chance being an explanation include the fact that many of the Or cis excluded 1.0 and that synergy indices tended to be high for agents already known or suspected to cause lung cancer (eg, asbestos), but not for agents not linked to lung cancer (eg, solvents). tobacco smoke, asbestos, silica, coke production, and soot are all established causes of lung cancer. 7 Wood dust is an established cause of nasopharyngeal cancer but has also been linked to lung cancer in several studies. [8] [9] [10] [11] Several of the findings presented here are consistent with previous studies. For example, studies have reported evidence of synergistic relationships between arsenic and smoking in lung cancer, including a previous study in northern chile. [24] [25] [26] a recent study in Bangladesh reported evidence of a synergistic relationship between arsenic, smoking, and fertilizer use for premalignant skin lesions. 27 the study reported here is novel in being the first to examine the combined effects of arsenic with secondhand tobacco smoke, asbestos, silica, wood dust, and several other common carcinogenic exposures. With regard to bladder cancer, previous studies in argentina and the United States by our research group have reported somewhat higher arsenic-associated bladder cancer relative risks in smokers compared with nonsmokers, but sample sizes were small and arsenic exposures and relative risks were low. 28, 29 in contrast, the study reported here is the first to provide fairly good evidence that a synergistic relationship may exist between arsenic and smoking for bladder cancer. although the exact mechanisms of the synergistic associations identified here are unknown, several possibilities exist. For example, simultaneous exposures to different agents working by the same pathways could overwhelm repair or detoxification processes that would normally help prevent cancer. alternatively, early exposure to arsenic could cause permanent biochemical changes that then lead to greater susceptibility to subsequent exposures. in mice, Waalkes et al 30 found that while arsenic exposure had no effect by itself, the number of skin tumors following exposure to 12-O-tetradecanoyl phorbol-13-acetate increased by three-fold in mice pretreated with arsenic in the fetal period. also in mice, Danaee et al 31 found that pretreatment with arsenic increased UV radiation-related mutagenesis in a greater than additive fashion, and that arsenic inhibited the repair of UV-induced Dna damage. results such as these provide a possible biological basis for the synergistic relationships identified in our study.
an interesting feature of our findings is that arsenic exposures in our study area occur primarily by ingestion whereas the other exposures we evaluated are primarily by inhalation. these interactions are not biologically implausible because some research has shown that ingested arsenic can accumulate in the lung. 32, 33 in addition, a previous analysis has shown that the lung cancer risks linked to arsenic are related to its internal dose as measured by urinary arsenic concentrations, and the risks based on internal dose are essentially the same regardless of whether arsenic is inhaled or ingested. 34 Because exposure information was collected retrospectively, some exposure misclassification is likely. However, exposure was assessed similarly in cases and controls, so some of this misclassification is likely nondifferential, biasing Ors and synergy indices toward the null. 35 Because arsenic exposure in this area can be determined based primarily on the cities or towns in which the subjects lived, and errors in recalling residency information are expected to be minimal, the impact of misclassification of arsenic exposure is likely small. arsenic levels were not collected for residences outside chile, but the large majority of subjects spent their whole lives in chile and none lived in areas outside chile with known high arsenic concentrations. arsenic exposure may also come from food or air, although a previous analysis in this area showed that these exposures would make up less than 2% of the total arsenic intake in subjects who lived in antofagasta during the high exposure period. 36 With regards to misclassification of smoking status, studies assessing plasma cotinine levels have shown that self-reported smoking status can reliably distinguish smokers from nonsmokers. 37 the validity of self-reported secondhand smoke exposure is less clear. Willemsen et al 38 found that selfreported secondhand smoke exposure correlated reasonably well with air nicotine concentrations in office workers (r = 0.65). in an investigation of 9320 US adults, Max et al 39 identified a positive predictive value of 80% and a negative predictive value of only 64% between self-reported secondhand smoke exposure and serum cotinine, although the cutoff point used to define a positive cotinine level was somewhat low (≥0.05 ng/ml). Overall, some nondifferential misclassification of secondhand smoke (and resulting bias of Ors toward the null) is likely. Differential misclassification could occur if cases tended to recall their past secondhand smoke exposure with greater or less accuracy than controls. the extent of this bias is unknown. But, the fact that bladder and lung cancer Ors for secondhand smoke exposure in people without high arsenic exposure were close to 1.0 (0.91 and 1.3, respectively) suggests that this bias, if present, was not strong.
exposures to the other agents like asbestos or silica could also have been misclassified. as mentioned above, nondifferential misclassification would most likely bias Ors toward the null. Several studies have shown that most people are able to recall their past occupational exposures with fair to good accuracy, although results vary across studies. 40 in a study of 951 shipyard workers, the prevalence of pleural plaques correlated much better with self-reported asbestos exposure than with expert's estimates based on job titles. 41 a study of drycleaners reported sensitivities and specificities >90% for self-reported trichloroethylene exposure compared with employer reports. 42 Differential misclassification could conceivably occur if cases recall exposures differently than controls, although an in-depth review of this topic concluded that there is little evidence for this. 40 Our finding of higher Ors and synergy indices for those agents known to cause lung cancer (eg, asbestos, silica, soot) compared with those agents not linked to lung cancer (eg, benzene, trichloroethylene), and lack of evidence of synergy between known carcinogens of the lung and the risks of bladder cancer, is further evidence that differential recall did not cause the positive results reported here. Subjects related almost all of these other chemical exposures to their workplaces, and few exposures from hobbies were reported. Because we did not ask about specific hobbies, it is possible that some exposures were missed, although any bias from this was likely nondifferential.
the Ors in this study changed very little with adjustment for smoking, other carcinogens, body mass index, mining work, or SeS. relatively small changes were seen with adjustment for age and sex. confounding from other factors like diet or radon is possible. However, in order to cause important confounding, a variable must be associated with both the exposure and outcome of interest, 43 and there is no evidence that radon, diet, or other factors are strongly enough related to arsenic exposure in this study area to cause the elevated Ors identified here. tens of millions of people are exposed to arsenic worldwide, and many of these people are probably coexposed to at least one of the other agents assessed here. Furthermore, lung and bladder cancer are among the most common cancers worldwide. these factors, combined with the large magnitude of the relative risks identified here, highlight the large numbers of excess cancer cases likely to be related to these combined exposures and the possible benefits of interventions aimed at reducing these exposures.
